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1. Purpose
The purpose of the numerical analysis effort of Task 27 of cooperative
agreement DE-FC08-98NV12081 was to investigate the effect of lithophysal
porosity on the elastic stress-strain properties of the tuff rock mass. Rock mass
properties without lithophysal cavities are designated matrix properties. Rock
mass properties with lithophysal cavities are designated effective properties. The
analysis will be performed for a 6" by 6" square cross-section with a uniform
distribution of lithophysal cavities for a variety of porosities. The analyses will be
performed using FLAG 2D version 3.5, a Department of Energy qualified
software. The analyses will compare the matrix properties to the effective
properties.

2. Quality Assurance
The modeling was performed in accordance with the UCSSN QA Program
and specifically Quality Assurance Procedures:
GAP 3.0
QAP 3.1
QAP 3.2
QAP 3.3

"Scientific Investigation Control"
"Control of Electronic Data"
"Software Management"
"Analysis and Models"

The portions of the scientific notebook, UCCSN-UNLV-022 Volume 1 "The
Influence of Lithophysal Porosity on the In-Situ Stress-Strain Properties..."
pertaining to this report were technically reviewed.

3. Computer Software
The computer software that was used for the numerical analysis efforts of
Task 27 was FLAG 2D version 3.5. The software is installed on a stand alone,
850 MHz Pentium III PC running Microsoft Windows NT 4.0. The software
activity number is LV-2000-174 and the Software Tracking Number is 10167-3500. FLAG 2D version 3.5 is a Department of Energy qualified software.
Microsoft Excel version 2000 was also used in the analysis. All formulas entered
into the Microsoft Excel version 2000 files were verified using a hand calculator
as required by UCCSN QAP-3.2.
4. Inputs
The data tracking number (DTN) for the inputs and outputs supporting this
analysis is UN0110MWD027MK.001.
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4.1 Data and Parameters
Several sets of inputs were used in the modeling. The inputs are grouped
into three categories: Boundary Conditions, Material Model Properties, Vertical
Displacement and Cavities. These categories are explained below.
Boundary Conditions
The FLAG computer code was run under plane strain conditions. Two
other boundary conditions were used as input parameters: Free Sides and
Constrained Sides. In Free Sides, the cross-section was allowed to expand
horizontally when subjected to the vertical displacement. In Constrained Sides,
the cross-section was not allowed to expand horizontally when subjected to the
vertical displacement (see Figure 1).
Material Model Properties
The analysis was performed using a linear elastic material model. This
material model was chosen because the analysis is to determine the effect of
lithophysal cavities on the elastic stress-strain properties of tuff rock.
Two initial elastic properties of the matrix were required as input into the
FLAG program, Young's Modulus and Poisson's Ratio. The choice of the value
of Young's Modulus for the analysis is arbitrary because the material is linear
elastic and failure does not occur. A Young's Modulus value of 10,000 psi was
arbitrarily chosen.
For Poisson's Ratio, a range of values was chosen.
Poisson's Ratio was either: 0.1, 0.2, 0.3, 0.4, 0.45 or 0.49
Vertical Displacement
The vertical displacement input is how much the cross-section is deformed
so that stresses and strains can be computed throughout the cross-section. A
vertical displacement of 0.5 inches was arbitrarily chosen and was applied only to
the top nodes of the model. Since the material model is linear elastic and failure
does not occur, the amount of vertical displacement is arbitrary. The value 0.5
inches corresponds to an engineering strain of 8.33% in the vertical direction
(see Figure 1).
Cavities
Cavities consisted of uniformly distributed circles. Three different cavity
scenarios were used in the numerical analysis: 1 cavity, 9 cavities or 36 cavities
Porosity was defined as the area of cavities divided by the total cross sectional
area (see Figure 1). For each scenario, the size of the cavities was determined
by setting the porosity equal to 5%, 10%, 20%, 30% and 40%. The geometries
of the cavities are provided in the table below.
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Figure 1. Boundary conditions and porosity distribution configurations
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Table 1. Circular Cavity Geometries
Porosity
Number of Cavities
070

10%

20%

30%

40%

36
1
9
36
1
9
36
1
9
36
1
9
36

Cavity Radius (inches)
0.757
0.252
0.126

0.1785
1.515
0.5045
0.2525
1.855
0.618
0.309
2.14
0.714
0.357

4.2. Criteria
There are no specific criteria that are directly applicable to the numerical
analysis.
4.3. Codes and Standards
There are no specific codes or standards that are directly applicable to the
numerical analysis.
5. Assumptions
There are two assumptions in this analysis, the analysis was performed in
2D under plane strain conditions and the material model chosen was a linear
elastic material model.
6. Analysis
The model used in this analysis was a six by six inch square crosssection. Rock mass properties without lithophysal cavities are designated matrix
properties. Rock mass properties with lithophysal cavities are designated
effective properties. Circular cavities were placed within the cross-section. The
cross-section was then subjected to a vertical displacement and the resulting
stresses and strains were computed by FLAG throughout the cross-section.
Using the matrix elastic properties and the computed stresses and strains, the
effective elastic properties could be calculated for the cross-section containing
circular cavities. The effective elastic properties were calculated using Microsoft
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Excel. All formulas entered in the Microsoft Excel files were verified using a hand
calculator, as required by UCCSN QAP-3.2.
FLAG output provides stresses and strains. From the stresses and
strains, the effective Young's Modulus and Poisson's ratio can be calculated for
the body containing cavities. To calculate Young's Modulus and Poisson's ratio,
Hooke's law for plane strain conditions was used. These equations can be found
in Timoshenko and Goodier (1987).
Free Sides Condition
For plane strain conditions and free sides boundary conditions, Hooke's
law can be written as:
ex=—-[(l-v2)ax-v(l +
"-m

*-m

Rearranging the equations and solving for Eetf and veff,

_ lsy (CTy ¥ ~2 8 x (gy ^ +CTxg xCTy + cfy e y ax - 2 e y (a )2 + e x (ax)'
eff

[(ey -e x j(e y ax + e y ay -e x ay -e x aj]

-(-e y a x + s x a y )
veff =

(ey o x + e y oy -s x ay -e x aj

Fixed Sides Condition
Hooke's Law for the case of confined sides can be written as follows:

-m
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(Note that strain in the horizontal (X) direction is zero due to confined sides.)

•m

Rearranging the equations and solving for Eeff and veff,
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7. Conclusions
Results of the numerical analysis are presented as graphs. The graphs
comparing the ratio of Een to Em are provided in Figures 2 through 7. The graphs
comparing the ratio of veff to vm are provided in Figures 8 through 13. Figures 2
through 13 each contain six curves, representing the combinations of boundary
conditions and porosity distributions presented in Figure 1. In some of the
figures the curves are very close to each other and overlap thus making it difficult
to distinguish all six curves. In these figures, it is important to look at the trend of
the curves rather than the values associated with individual curves.
Young's Modulus
For all Poisson's Ratios, there is a decrease in effective Young's Modulus
as the lithophysal porosity increases. At 5% lithophysal porosity, the ratio E6fr /
Em is approximately 0.9 and at 40% lithophysal porosity, the ratio is
approximately 0.4. There is a slight dependence on Poisson's Ratio, the higher
the Poisson's Ratio, the greater the Eeff / Em ratio. At 5% lithophysal porosity, Eeff
/ Em is 0.9 (v=0.1) and 0.92 (v=0.49). Similarly at 40% lithophysal porosity, Eeff /
Em is 0.38 (v=0.1) and 0.45 (v=0.49). These trends hold true regardless of the
boundary conditions (free or constrained sides).
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Constrained Sides Poisson's Ratio
Fora matrix Poisson's Ratio of 0.1, the effective Poisson's Ratio is always
greater than the matrix Poisson's Ratio. The dependence on lithophysal porosity
is clear. From 5 to 20%, the effective Poisson's Ratio increases. After 20%
lithophysal porosity, the effective Poisson's Ratio decreases but is never lower
than the matrix Poisson's Ratio. This behavior is seen in the 1-cavity, 9-cavity
and 36-cavity analysis.
For a matrix Poisson's Ratio of 0.2, the effective Poisson's Ratio is greater
than or equal to the matrix Poisson's Ratio for lithophysal porosities of 5 and
10%. At greater lithophysal porosities, the effective Poisson's Ratio is less than
the matrix Poisson's Ratio. This behavior is seen in the 1-cavity, 9-cavity and 36cavity analysis.
At matrix Poisson's Ratios greater than 0.2, the effective Poisson's Ratio
is always less than the matrix Poisson's Ratio. The largest value of effective
Poisson's Ratio is at the lowest lithophysal porosity and the smallest value of
effective Poisson's Ratio is at the highest lithophysal porosity. This behavior is
seen in the 1-cavity, 9-cavity and 36-cavity analysis.
Free Sides Poisson's Ratio
Fora matrix Poisson's Ratio of 0.1, the effective Poisson's Ratio is
dependent upon the distribution of the lithophysal porosity. For cross-sections
containing 1 cavity, the effective modulus increases linearly from 0.124 at 5%
lithophysal porosity to 0.232 at 40% lithophysal porosity. For cross-sections
containing 9 cavities, the effective modulus increases parabolically from 0.118 at
5% lithophysal porosity to 0.15 at 40% lithophysal porosity. For cross-sections
containing 36 cavities, the effective modulus increases from 0.108 at 5%
lithophysal porosity to a maximum of approximately 0.135 at 25% porosity and
back down to 0.123 at 40% lithophysal porosity.
For a matrix Poisson's Ratio of 0.2, the effective Poisson's Ratio is
dependent upon the distribution of the lithophysal porosity. For cross-sections
containing 1 cavity, the effective modulus increases linearly from 0.208 at 5%
lithophysal porosity to 0.261 at 40% lithophysal porosity. For cross-sections
containing 9 cavities and 36 cavities, the effective modulus decreases
parabolically from 5% lithophysal porosity to 40% lithophysal porosity. For cross
sections containing 9 cavities, the decrease is from 0.204 to 0.188. For cross
sections containing 36 cavities, the decrease is from 0.2 to 0.168.
For a matrix Poisson's Ratio of 0.3, the effective Poisson's Ratio for the
cross-sections containing one cavity is approximately 0.29, regardless of the
percentage of lithophysal cavities. For cross-sections containing 9 and 36
cavities, the effective Poisson's Ratio decreases with increasing lithophysal
porosity.
For matrix Poisson's Ratios higher than 0.3, regardless of the lithophysal
porosity distribution, the effective Poisson's Ratio decreases with increasing
lithophysal porosity. The cross-section containing 1 cavity has the least
decrease and the cross-sections containing 9 and 36 cavities have the same
decreases in effective Poisson's Ratio.
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8. Inputs, Outputs and References
Inputs and Outputs
The data tracking number (DTN) for this for the inputs and outputs supporting is
analysis is UN0110MWD027MK.001.
References
Timoshenko and Goodier, 1987. Theory of Elasticity, McGraw-Hill, New York.
9. Attachments
Not applicable. There is no documentation for this report than cannot be
included in the text.
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Figure 6, Eeff/E, for Poisson s Ratio 0,45
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Figure 7. Eeff/Em for Poisson's Ratio 0.49
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Figure 8. veff/vm for Poisson's Ratio 0.1
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Figure 9, Vefr/vtr, for Poisson's Ratio 0.2
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Figure 10. veff/vm for Poisson's Ratio 0.3
2.50
2.30
2.10
1.90

•1 Hole-Free
• 9 Hole - Free
• 36 Hole - Free
-1 Hole - Fixed
• 9 Hole - Fixed
• 36 Hole - Fixed

1.70

0.50
10

15

20

25
Porosity (%

30

35

40

45

50

20

22

1

Figure 1. veff/vm for Poisson's Ratio 0 4
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Figure 13, veff/vm for Pofsson's Ratio 0,49
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1. Purpose
The purpose of the numerical analysis effort of Task 27"was to investigate
the effect of lithophysal porosity on the elastic stress-strain properties of the tuff
rock mass. Rock mass properties without lithophysal cavities are designated
matrix properties. Rock mass properties with lithophysal cavities are designated
effective properties. The analysis will be performed for a 6" by 6" square crosssection with a uniform distribution of lithophysal cavities for a variety of porosities.
The analyses will be performed using FLAC 2D version 3.5, a Department of
Energy qualified software. The analyses will compare the matrix properties to
the effective properties.
o
2. Quality Assurance
^ ^ *?*
The modeling was performed in accordance with tne«following Quality
Assurance Procedures:
QAP 3.0
QAP 3. 1
QAP 3.2

"Scientific Investigation Control"
"Control of Electronic Data"
"Software Management"
>et*-

The computer software that was used for the numerical analysis efforts of
Task 27 was FLAC 2D version 3.5. The software is installed on a stand alone,
850 MHz Pentium III PC running Microsoft Windows NT 4.0. The software
activity number is LV-2000-174 and the Software Tracking Number is 10167-3500. Microsoft Excel .was also used in the analysis. FLAC 2D version 3.5 is a
Department of Energy\qualified software.

^

4. Inputs
The data tracking number (DTN) for.-tiiio for the inputs and outputs
supporting js-analysis is UN01 1 0MWD027MK.001 .
Data and Parameters
Several sets of inputs were used in the modeling. The inputs are grouped
into three categories: Boundary Conditions, Material Model Properties, Vertical
Displacement and Cavities. These categories are explained below.
Boundary Conditions
The FLAC computer code was run under plane strain conditions. Two
other boundary conditions were used as input parameters: Free Sides and
Constrained Sides. In Free Sides, the cross-section was allowed to expand
horizontally when subjected to the vertical displacement. In Constrained Sides,
the cross-section was not allowed to expand horizontally when subjected to the
vertical displacement (see Figure 1).

b^f

j
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Figure 1. Examples of specimens, boundary conditions and explanation of matrix and effective properties

I
(A)

(B)

All specimens are constrained on the bottom (as indicated by the thick black bottom boundary) and subjected to a
vertical displacement of 0.5 inches (as indicated by the arrows on the top of the specimens).
The specimen represented by Figure 1 (A) contains no cavities. Specimen elastic properties are designated matirx
Properties.
>
l^tt4>*Vtp SZvre *""fc"«

\f.

\4&t-£*~^

3

The specimen represented by Figure 1(B) contains one cavity and has(Qonstrajneo/sides/ Matrix elastic properties
are used for the portions of the specimen not containing the cavity. Stresses ancfstrains computed using FLAG are used
to compute the effective elastic properties of the specimen.
The specimen represented by Figure 1(C) contains nine cavities and has free sides. Matrix elastic properties
are used for the portions of the specimen not containing the cavities. Stresses and strains computed using FLAG are used
to compute the effective elastic properties of the specimen.

,f

''
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Material Model Properties
The analysis was performed using a linear elastic material model. This
material model was chosen because the analysis is to determine the effect of
lithophysal cavities on the elastic stress-strain properties of tuff rock.
Two initial elastic properties of the matrix were required as input into the
FLAG program, YoungXModulus and Poisson's Ratio. The choice of the value
of Young's Modulus(1s)the analysis is arbitrary because the material is linear
elastic and failure doeslnot occur. A Young's Modulus value of 10,000 psi was
arbitrarily chosen. For Poisson's Ratio, a range of values was chosen.
Poisson's Ratio was either\0.1, 0.2, 0.3, 0.4, 0.45 or 0.49
Vertical Displacement
The vertical displacement input is how much the cross-section is deformed
so that stresses and strains can be computed throughout the cross-section. A
vertical displacement of 0.5 inches was arbitrarily chosen and was applied only to
the top nodes of the model. Since the material model is linear elastic and failure
does not occur, the amount of vertical displacement is arbitrary. The value 0.5
inches corresponds to an engineering strain of 8.33% in the vertical direction
(see Figure 1).
Cavities
Cavities consisted of uniformly distributed circles. Three different cavity
scenarios were used in the numerical analysis: 1 cavity, 9 cavities or 36 cavities
Porosity was defined as the area of cavities divided by the total cross sectional
area (see Figure 1). For each scenario, the size of the cavities was determined
by setting the porosity equal to 5%, 10%, 20%, 30% and 40%. The geometries
of the cavities are provided in the table below.
Table 1. Circular Cavity Geometries
Number of Cavities
Porosity
1
5%
9
36
1
10%
f
V

20%

30%
40%

Cavity Radius (inches)
0.757
0.252
0.126
1.07
0.357
0.1785
1.515
0.5045
0.2525
1.855
0.618
0.309
2.14
0.714
0.357
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4.2. Criteria
There are no specific criteria that are directly applicable to the numerical
analysis.
4.3. Codes and Standards
There are no specific codes or standards that are directly applicable to the
numerical analysis.
5. Assumptions
There are two assumptions in this analysis, the analysis was performed in
2D under plane strain conditions and the material model chosen was a linear
elastic material model.
6. Analysis
The model used in this analysis was a six by six inch square crosssection. Rock mass properties without lithophysal cavities are designated matrix
properties. Rock mass properties with lithophysal cavities are designated
effective properties. Circular cavities were placed within the cross-section. The
cross-section was then subjected to a vertical displacement and the resulting
stresses and strains were computed by FLAG throughout the cross-section.
Using the matrix elastic properties and the computed stresses and strains, the
effective elastic properties could be calculated for the cross-section containing
circular cavities. The effective elastic properties were calculated using Microsoft}'"
FLAG outputprovides stresses and strains. From the stresses and
strains, the effective Young's Modulus and Poisson's ratio can be calculated for
the body containing cavities. To calculate Young's Modulus and Poisson's ratio,
Hooke's law for plane strain conditions was used. These equations can be found
in Timoshenko and Goodier (1987).
Free Sides Condition
For plane strain conditions and free sides boundary conditions, Hooke's
law can be written as:
ex

=

*"•€

-v
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Rearranging the equations and solving for Eerr and M^,

<*x EX <*y + <*y 6 y CTX - 2 6 y (<TX)2 + E x ((Tx)2]

-(-ey a x + s x c r y j
veff

=

Fixed Sides Condition
Law for the case of confined sides can be written as follows:

(Note that strain in the horizontal (X) direction is zero due to confined sides.)

Rearranging the equations and solving for Eeff and veff,

+«.,,- 2
Veff

=

(ax+ay)
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7. Conclusions
Results of the numerical analysis are presented as graphs. The graphs
comparing the ratio of Eeff to Em are provided in Figures 2 through 7. The graphs
comparing the ratio of Veff to vm are provided in Figures 8 through 13
Young's Modulus
For all Poisson's Ratios, there is a decrease in Young's Modulus as
porosity increases. At 5% lithophysal porosity, the ratio Eeff / Em is approximately
0.9 and at 40% lithophysal porosity, the ratio is approximately 0.4. There is a
slight dependence on Poisson's Ratiffih"e~rTigher the Koiss67fs~Ratiu, the grealeT
the E^ / Emjatip^At 5% lithophysal porosity, E^ / Em is 0.9 (v=0.1) and 0.92
(y^p^9JJ^Imj|arii^)at 40% lithophysal porosity, E^ / Em is 0.38 (v=0.1) and 0.45
\o>-1 —(v=0^49)7 mese trends hold true regardless of the boundary conditions (free or
M***
constrained sides).
XV
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Constrained Sides Poisson's Ratio
For a matrix Poisson's Ratio of 0.1, the effective Poisson's Ratio is always
greater than the matrix Poisson's Ratio. The dependence on lithophysal porosity
is clear. From 5 to 20%, the effective Poisson's Ratio increases. After 20%
lithophysal porosity, the effective Poisson's Ratio decreases but is never lower
than the matrix Poisson's Ratio. This behavior is seen in the 1-cavity, 9-cavity
and 36-cayriy analysis.
rv —^or a matr'x Poisson's Ratio of 0.2, the effective Poisson's Ratio is
greater than or equal to the matrix Poisson's Ratio for lithophysal porosities of 5
and 10%. At greater lithophysal porosities, the effective Poisson's Ratio is less
than the matrix Poisson's Ratio. This behavior is seen in the 1-cavity, 9-cavity
and 36-cavity analysis.
At higher matrix Poisson's Ratios, the effective Poisson's Ratio is always
less than the matrix Poisson's Ratio. The largest value of effective Poisson's
Ratio is at the lowest lithophysal porosity and the smallest value of effective
Poisson's Ratio is at the highest lithophysal porosity. This behavior is seen in the
1-cavity, 9-cavity and 36-cavity analysis.
Free Sides Poisson's Ratio
For a matrix Poisson's Ratio of 0.1, the effective Poisson's Ratio is
dependent upon the distribution of the lithophysal porosity. For cross-sections
containing 1 cavity, the effective modulus increases linearly from 0.124 at 5%
lithophysal porosity to 0.232 at 40% lithophysal porosity. For cross-sections
containing 9 cavities, the effective modulus increases parabolically from 0.118 at
5% lithophysal porosity to 0.15 at 40% lithophysal porosity. For cross-sections
containing 36 cavities, the effective modulus increases from 0.108 at 5%
lithophysal porosity to a maximum of approximately 0.135 at 25% porosity and
back down to 0.123 at 40% lithophysal porosity.

\\\ -

9 of 21
For a matrix Poisson's Ratio of 0.2, the effective Poisson's Ratio is
dependent upon the distribution of the lithophysal porosity. For cross-sections
containing 1 cavity, the effective modulus increases linearly from 0.208 at 5%
lithophysal porosity to 0.261 at 40% lithophysal porosity. For cross-sections
containing 9 cavities and 36 cavities, the effective modulus decreases
parabolically from 5% lithophysal porosity to 40% lithophysal porosity. For cross
sections containing 9 cavities, the decrease is from 0.204 to 0.188. For cross
sections containing 36 cavities, the decrease is from 0.2 to 0.168.
For a matrix Poisson's Ratio of 0.3, the effective Poisson's Ratio for the
cross-sections containing one cavity is approximately 0.29, regardless of the
percentage of lithophysal cavities. For cross-sections containing 9 and 36
cavities, the effective Poisson's Ratio decreases with increasing lithophysal
porosity.
For matrix Poisson's Ratios higher than 0.3, regardless of the lithophysal
porosity distribution, the effective Poisson's Ratio decreases with increasing
lithophysal porosity. The cross-section containing 1 cavity has the least
decrease and the cross-sections containing 9 and 36 cavities have the same
decreases in effective Poisson's Ratio.
8. Inputs, Outputs and References
Inputs and Outputs
The data tracking number (DTN) for this for the inputs and outputs supporting is
analysis is UN0110MWD027MK.001.

Reference
Timoshenko and Goodier, 1987. (Theory of Elasticity, McGraw-Hill, New York.
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Figure 2. Eeff/Em for Poisson's Ratio 0.1
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Figure 5. Eeff/Em for Poisson's Ratio 0,4
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Figure 6, Eef/Em for Poisson's Ratio 0,45
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Figure?. Eeff/Em for Poisson's Ratio 0.49

1 Hole - Free
9 Hole - Free
36 Hole - Free
Ho! e - Const.
Hole - Const,
Hole - Const.

0,20

10

15

20

25
Porosity {%)

30

35

40

45

50

I6of

Figures.

cfl/v

for Poisson

Ratio 0.1

50

30

—*— 1 Hole-Free
-•-9 Hole- Free
-*-36 Hole- Free

|—*—1 Hole - Fixed <*
I—e—9 Hole - Fixed '.
90

I -a- se

-

r~

'0

50 4
2ft

25
Paros-ity |%J

30

35

40

50

17 of 21

Figure 9. ve)t/vrn for Poisson's Ratio 0.2
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Figure 10. vtn/¥mfor Poisson's Ratio 0.3
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Figure 11 veff/vm for Poisson's Ratio 0.4
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Figure 12. veff/vm for Poisson's Ratio 0.45
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Figure 13. veff/vm for Poisson's Ratio 0,49
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